The physiological role and possible functional substitution of each of the five alcohol dehydrogenase (Adh) isozymes in Saccharomyces cerevisiae were investigated in five quadruple deletion mutants designated strains Q1-Q5, with the number indicating the sole intact ADH gene. Their growth in aerobic batch cultures was characterised in terms of kinetic and stoichiometric parameters. Cultivation with glucose or ethanol as carbon substrate revealed that Adh1 was the only alcohol dehydrogenase capable of efficiently catalysing the reduction of acetaldehyde to ethanol. The oxidation of produced or added ethanol could also be attributed to Adh1. Growth of strains lacking the ADH1 gene resulted in the production of glycerol as a major fermentation product, concomitant with the production of a significant amount of acetaldehyde. Strains Q2 and Q3, expressing only ADH2 or ADH3, respectively, produced ethanol from glucose, albeit less than strain Q1, and were also able to oxidise added ethanol. Strains Q4 and Q5 grew poorly on glucose and produced ethanol, but were neither able to utilise the produced ethanol nor grow on added ethanol. Transcription profiles of the ADH4 and ADH5 genes suggested that participation of these gene products in ethanol production from glucose was unlikely.
Introduction
When Saccharomyces cerevisiae is grown on a fermentable carbon source such as glucose, the fermentative alcohol dehydrogenase, Adh1 (Ciriacy, 1979) , is regarded as primarily responsible for the regeneration of NAD + from NADH by catalysing the reduction of acetaldehyde to produce ethanol (Denis et al., 1983) . Apparently Adh1 is a constitutive enzyme, although according to Bennetzen & Hall (1982b) and Denis et al. (1983) , its biosynthesis can be completely or partially repressed by growth under conditions of extreme aerobiosis or during growth on nonfermentable substrates. When the fermentable carbon source is depleted, other enzymes are derepressed to utilise the previously excreted ethanol via oxidative respiration and gluconeogenesis (Lutstorf & Megnet, 1968; Wills, 1976b) . The gene encoding Adh2 is regulated by catabolite repression, and the primary function of this isozyme is to oxidise ethanol to acetaldehyde, which can be metabolised via the tricarboxylic acid cycle or act as intermediate metabolite in gluconeogenesis (Beier et al., 1985; Young & Pilgrim, 1985) . Whereas the above two enzymes are cytosolic, Adh3 is a mitochondrial isozyme that forms part of the ethanol acetaldehyde shuttle, which is important under anaerobic conditions for shuttling mitochondrial NADH to the cytosol for NAD + regeneration through the reduction of acetaldehyde (Bakker et al., 2000) .
No distinct function has thus far been assigned to the Adh4 and Adh5 isozymes. Adh4 is seemingly not expressed in laboratory strains of S. cerevisiae (Williamson & Paquin, 1987) , although ADH4 transcription at high levels has been detected in certain brewing strains during ethanol production (Mizuno et al., 2006) and its expression is upregulated under low zinc conditions or during zinc starvation. ADH5 was expressed at more or less a constant level during the ethanol production phase following a glucose pulse administered to a glucose-limited chemostat culture of S. cerevisiae (van den Berg et al., 1998) and might play a role in ethanol production in a genetic background in which none of the other four Adhs are functional (Drewke et al., 1990) .
Other related enzymes include Sfa1, Adh6 and Adh7. Sfa1 is a bifunctional enzyme with both glutathionedependent formaldehyde and alcohol dehydrogenase activity and is described to be involved in formaldehyde detoxification (Wehner et al., 1993) and catalysis of the final reactions in phenylalanine and tryptophan degradation (Dickinson et al., 2003) . Interestingly, this protein has a higher homology to several ADHs of humans and rodents than to the five known ADHs of S. cerevisiae, and its true substrate is proposed to be S-hydroxymethylglutathione (Wehner et al., 1993; Fernandez et al., 1995) . The ADH6 and ADH7 gene products are described as cinnamyl ADHs exhibiting a strict specificity for NADPH (Gonzalez et al., 2000; Larroy et al., 2002) . The specificity of the substrate and cofactor strongly supports the physiological involvement of Adh6 in aldehyde reduction rather than in alcohol oxidation and under oxidative conditions allows the yeast to use 2,3-butanediol as a carbon and energy source (Larroy et al., 2003) . For the purpose of this study, however, only the classical alcohol dehydrogenases (Adh1 to Adh5) were investigated.
Under extreme conditions, such as the prolonged alcoholic fermentation of grape must, Adh2 not only participates in the production of higher alcohols, but also in the reduction of acetaldehyde to ethanol (Millan et al., 1990) . Mutants harbouring a single deletion of the ADH1 gene or of both ADH1 and ADH2 exhibited slower growth on glucose, but still were able to produce ethanol (Kusano et al., 1998) , whereas strains lacking ADH2 could still grow on ethanol as substrate (Wills & Phelps, 1975; Wills, 1976a; Kusano et al., 1998) . Even triple and quadruple deletion mutants (adh1adh2adh3, adh1adh3adh5 and adh1adh2adh3adh4) retained the ability to produce ethanol when grown on glucose (Ciriacy, 1975b; Drewke et al., 1990; Smith et al., 2004) . Furthermore, over-expression of the ADH4 gene in a strain lacking a functional ADH1 gene through Ty-insertions allowed fermentative growth on glucose (Paquin & Williamson, 1986) .
Although the published literature of the past 40 years has contributed considerably to our understanding of the role of the alcohol dehydrogenases in the metabolism of S. cerevisiae, some questions remain, specifically regarding the ability of these enzymes to functionally substitute for each other in vivo. In this study, the role of each alcohol dehydrogenase isozyme was investigated by determining its expression in the S. cerevisiae chromosome on molecular level, as well as by quantitatively determining the phenotypic role of each Adh by means of batch cultivation of quadruple deletion mutants harbouring only one functional Adh, with glucose or ethanol as respective carbon substrates.
Materials and methods

Strains
Saccharomyces cerevisiae strains W303-1A(a) and W303-1A(a) were used as parental stains in the engineering of quadruple deletion strains Q1, Q2, Q3, Q4 and Q5 (Table 1) . Escherichia coli strain Top 10F' (Promega) was used for most amplifications and DNA manipulations, whereas strain DH5a (New England Biolabs) was used where DNA digestion with BclI was necessary.
Culture media
Escherichia coli cells, used for the propagation of plasmid constructs, were plated on LB medium containing ampicillin (60 lg mL À1 ), IPTG (9.6 lg mL À1 ) and X-gal , amino acids (50 mg each of alanine, arginine, asparagine, aspartic acid, glutamic acid, glutamine, glycine, histidine, isoleucine, lysine, methionine, phenylalanine, proline, serine, threonine, tryptophan, tyrosine, valine and cysteine, leucine (400 mg), adenine (50 mg), uracil (50 mg) and Verduyn et al., 1990; Schulze et al., 1995; Flikweert et al., 1996; Cakar et al., 1999; Pronk, 2002) . Glucose or ethanol was added as carbon source.
Deletion plasmid construction
The ADH genes flanked both 5′ and 3′ by noncoding DNA were amplified from W303-1A(a) genomic DNA using Expand Long Template Taq Polymerase (Roche Applied Science, Germany). Primer pairs ADH1-1F/ ADH1-1R, ADH2-1F/ADH2-1R, ADH3-1F/ADH3-1R, ADH4-1F/ADH4-1R and ADH5-1F/ADH5-1R (Table 2) were used to amplify the ADH1 (3024 bp), ADH2 (3017 bp), ADH3 (3100 bp), ADH4 (3330 bp) and ADH5 (2982 bp) fragments, respectively. PCR was performed in accordance with the manufacturer's specifications at an annealing temperature of 50°C and the amplicons cloned into the pGemT-Easy vector (Promega). The ADH2 fragment was also subcloned into the pUC18 vector using EcoRI. Each of the ADH ORFs in these constructed plasmids was replaced with different yeast marker genes. Thus, four different deletion plasmids were constructed in which the ADH1 ORF was replaced by selectable marker genes LEU2, URA3, TRP1 and HIS3, respectively. A 657-bp segment of the ADH1 gene was replaced with the LEU2 marker gene originating from the pJJ250 vector by site directional cloning with BclI-HindIII and BamHI-HindIII sites in the respective plasmids, yielding deletion plasmid padh1::LEU2. For ADH1 replacement with URA3, TRP1 and HIS3, a 1270-bp segment was excised from the cloned ORF using BclI and BamHI and replaced with BamHI excised fragments from the three respective marker genes originating from vectors YDp-U, YDp-W, YDp-H, resulting in deletion plasmids padh1::URA3, padh1:: TRP1 and padh1::HIS3. The ADH2 ORF was replaced by two subsequent cloning events. The 5′-and 3′ noncoding regions of ADH2 were inserted into the pJJ244 vector flanking the URA3 yeast marker gene. A 1048-bp fragment of the 5′ noncoding region extending from EcoRI to EcoRV sites was excised from the pGemT-Easy construct and ligated into EcoRI-and SmaI-digested pJJ244. A 1347-bp fragment from the pUC18 construct extending from the HindIII site 286 bp in the ADH2 coding region to the HindIII site in the multiple cloning site was excised and cloned into pJJ244 digested at a single HindIII site. The padh2D::URA3 deletion plasmid, therefore, had the flanking regions of the ADH2 gene and 649 bp of the ADH2 ORF replaced by the URA3 marker gene. The ADH3 (1143 bp) and ADH4 (1369 bp) ORFs were replaced by PCR and standard cloning techniques. Chimeric primer pairs ADH3-2F/ADH3-2R and ADH4-2F/ ADH4-2R were used for deleting the ORFs and concurrently introducing BamHI and XhoI restriction sites for circularisation. The TRP1 marker gene from pJJ248 was BamHI-BglII ligated to the introduced BamHI site of the circularised PCR product where ADH3 had been deleted, resulting in the padh3::TRP1 deletion plasmid. The ADH4 ORF, also deleted by PCR in a similar fashion, was replaced by the HIS3 marker gene from pJJ217 by site directional cloning with restriction sites BamHI and XhoI, resulting in the deletion plasmid padh4::HIS3. The padh5::LEU2 plasmid was obtained by deleting a 1099-bp XbaI-BclI fragment from the ADH5 coding region and replacing it with the XbaI-BclI-excised LEU2 marker gene originating from pJJ252. All deletion plasmids were verified by restriction enzyme analysis.
Disruption of ADH2, ADH3, ADH4 and ADH5 in S. cerevisiae chromosomes PCR fragments were amplified with Expand Long Template Taq Polymerase (Roche Applied Science), using the deletion plasmids padh2::URA3, padh3::TRP1, padh4:: HIS3 and padh5::LEU2 as templates. Amplification commenced under the same reaction conditions and with the same primer sets described previously. The resulting PCR fragments adh2D::URA3, adh3D::TRP1, adh4D::HIS3 and adh5D::LEU2 were used to transform recipient S. cerevisiae strains W303-1A(a) and W303-1A(a) using standard procedures (Chen et al., 1992) . Single deletion strains were selected for uracil, tryptophan, histidine and leucine prototrophy, and correct integrations were confirmed by diagnostic PCR with specific primers yielding products unique to each disruption.
Construction of quadruple deletion strains Q1, Q2, Q3, Q4 and Q5
The five quadruple deletion mutants were engineered using transformation and classical micromanipulation techniques (Sherman & Hicks, 1991) . All the strains were selected for their ability to grow without certain supplements, and deletions were confirmed by diagnostic PCR. Strain names were assigned according to the number of deletions [single (S), double (D) or triple (T)], D, followed by the ADH gene/genes deleted and, where necessary, the mating type as 'a' or 'a'. The quadruple deletion strains were indicated by the letter Q followed by a number indicating the specific ADH gene still intact in its genome. Q1, Q2, Q3, Q4 and Q5 genotypes were confirmed by PCR using specific primers to confirm the incorporated deletions, as well as by verifying the intact ADH gene in each strain. Three-step touchdown PCRs were performed on genomic DNA extracted from each strain using SuperTherm Taq polymerase (Southern Cross Biotech, Australia) at annealing temperatures of 55, 50 and 47°C. Primer pairs ADH1-2F/1RT-R, ADH2-3F/2RT-R, ADH3-3F/ADH3-4R, ADH4-4F/ADH4-4R and ADH5-3F/ADH5-4R were used to amplify fragments verifying the intact genes ADH1 (1912 bp), ADH2 (1650 bp), ADH3 (1398 bp), ADH4 (1091 bp) and ADH5 (1409), respectively. Replacement of the ADH1 gene with marker genes URA3, TRP1, HIS3 or LEU2 was verified under the same PCR conditions using the same forward primer (ADH1-2F) paired with primers URA3-1R, TRP1-1R, HIS3-1R and LEU2-1R, respectively. The ADH2, ADH3, ADH4 and ADH5 replacements were verified with primer pairs ADH2-3F/URA3-1F, ADH3-3F/TRP1-1R, ADH4-3F/ HIS3-1R and ADH5-3F/LEU2-1R (Fig. 1 ).
Cultivation conditions
Aerobic batch cultivations were conducted at 30°C in 2-L Multigen F-2000 bioreactors (New Brunswick Scientific), each equipped with an exhaust gas condenser, pH electrode (Mettler Toledo, UK) and a polarographic oxygen electrode (Ingold AG, Switzerland), using a working volume of 1000 mL. The pH was controlled at pH 5.5 (± 0.1) by automatic titration with 3 M KOH. The dissolved oxygen tension was maintained above 20% of saturation by manual adjustment of the aeration rate and stirrer speed within a range of 350-600 r.p.m.
For the cultivation of strains W303-1A(a) and Q1 on glucose, preinocula were prepared by reviving cells from cryostorage on YPD plates incubated for 2-3 days at 30°C, which were subsequently inoculated into a 250-mL Erlenmeyer flask containing 50 mL chemically defined medium with 10 g glucose L À1 . After incubation for 11 h at 30°C on a rotary shaker, 2.5 mL of the latter culture was transferred to a fresh shake flask and incubated as before. This step was repeated, and 30 mL of this culture in the exponential growth phase was used as inoculum for bioreactor cultivation. For growth studies using ethanol as carbon substrate, preinocula were prepared also as previously, but in this case, a 15-mL aliquot of a 21-h shake flask culture (6 h after glucose depletion) was used to inoculate a bioreactor containing chemically defined medium with 7 g ethanol L À1 .
Preinocula of strains Q2, Q3, Q4 and Q5 were prepared by incubation for 3 days at 30°C on YPD agar plates. Cells from these plate cultures were resuspended in chemically defined medium without a carbon source to a final OD 600 of c. 10. The appropriate volume was then inoculated into the bioreactor vessel to give an initial OD 600 value of c. 0.2. These preinocula had to be prepared in this manner because growth was severely inhibited in shake flask cultures, probably due to the accumulation of acetaldehyde.
Analyses
Culture turbidity was monitored at 600 nm with a BioPhotometer (Eppendorf, Germany) and converted to dry biomass using a standard curve. Cells were harvested during the late exponential phase, cooled on ice, centrifuged at 1000 g for 5 min, washed twice with distilled water and dried at 105°C overnight prior to gravimetric determination of the dry biomass concentration. Ethanol, acetaldehyde and acetic acid in supernatant samples that had been acidified with formic acid (7.5% v/v, final concentration) were determined with a 2010 gas chromatograph (Shimadzu, Japan) equipped with an PBX-70 column (30 m 9 0.25 mm ID) (SGE Analytical Science, Japan) at an oven temperature of 180°C using nitrogen gas at 30 mL min À1 as carrier. Glucose was determined with a Sugar Analyser I high-performance liquid chromatograph equipped with a refractive index detector and a Waters Sugarpack I column (Waters Associates, Milford), operating at 85°C with an eluent (degassed water) flow rate of 0.5 mL min À1 . Glycerol was determined with a Hewlett Packard 1100 high-performance liquid chromatograph (Agilent Technologies) equipped with a refractive index detector and a Luna 5u NH2 100A column (Phenomenex), operating at 35°C with an eluent (degassed 75% acetonitrile) flow rate of 2 mL min À1 .
RNA extraction and quantitative RT-PCR
Total RNA was extracted from samples using the method described by Kohrer & Domdey (1991) and quantified on a Nanodrop ND 1000 Spectrophotometer (NanoDrop Technologies). Real-time RT-PCR was performed using 2 lg of total RNA pretreated with 2 units of DNaseI as template. The absence of genomic DNA was confirmed by PCR amplification without the reverse transcription step. Amplification and detection were carried out in a 72 ring Rotor Gene 3000 (Corbett Research, Australia). The fluorescently labelled oligonucleotide TaqMan probes and PCR primers for the ADH genes were designed and supplied by Roche Applied Science. The probes were labelled at the 5′ end with the reporter dye 6-carboxyfluorescein (FAM) and with Black whole quencher (BHQ1) at the 3′ end. For proper comparison, the samples were normalised using an internal reference gene (ACT1). Primers and fluorescently labelled probe for ACT1 were designed, manufactured and supplied by Ambion (Austin). The probe was labelled at the 5′ end with JOE and quenched at the 3′ end with TAMRA. Probe specificity was tested using total RNA isolated from batch cultures of single deletion strains of each gene. The primers and probes were deemed specific when no signal was obtained from a PCR performed on total RNA originating from a strain where the target gene was absent from the genome. Each multiplex PCR was performed in a 10-lL reaction mixture with the 29 SensiMix One-Step Kit (Quantace, UK) at an annealing (acquisition) temperature of 59°C.
For relative quantification of the transcripts, a standard curve was constructed using DNA of each gene as standard. Plasmid constructs containing the ORF of ACT1 and each of the ADH genes were used as templates, and a portion of each ORF was PCR amplified using High Fidelity Taq polymerase (Roche Applied Science). Primer pairs ACT1-1F/ACT1-1R were used for amplifying a portion of ACT1, ADH2-6F/uni2-R for ADH1 and ADH2, ADH3-S/ADH3-A for ADH3, ADH4-4F/ADH4-4R for ADH4 and ADH5-4F/ADH5-1R for ADH5. PCR products were separated in a 1% agarose gel, DNA was eluted from the gel and spectrophotometrically quantified in quadruplicate. Copy numbers were calculated using the amount of DNA (ng) and the length of template (bp) (http://www.uri.edu/research/gsc/resources/cndna.html). The real-time RT-PCR reaction for each gene was set up using serial 10-fold dilutions of the amplified fragment as the DNA template. Three independent replicates were used for normalisation. The Rotor Gene 3000 Analyses software used standard curves for calculation of C T values and copy numbers. Copy numbers were normalised against Actin and plotted on a log scale for interpretation. Data are representative of independent duplicate experiments of which each real-time RT-PCR was performed in duplicate on each sample.
Results
Construction of ADH quadruple deletion mutant strains Q1, Q2, Q3, Q4 and Q5
The genotypes of the engineered quadruple deletion strains were verified by diagnostic PCR, and the five intact ADH genes in the parental strain W303-1A(a) are depicted in Fig. 1a . Quadruple deletion strain Q1, with ADH1 as the only intact ADH gene, was characterised by the presence of a 1912-bp fragment representing the intact ADH1, and 1282-, 1482-, 1610-and 1628-bp fragments representing the adh2D::URA3, adh3D::TRP1, adh4D::HIS3 and adh5D:: LEU2 deletions, respectively (Fig. 1b) . Strains Q2, Q3, Q4 and Q5 were similarly screened and each presented a unique PCR profile (Fig. 1c-f ).
Bioreactor cultivation of strains W303-1A(a), Q1, Q2, Q3, Q4 and Q5 on glucose
The importance of each alcohol dehydrogenase isozyme in ethanol metabolism was elucidated by culturing the five engineered strains Q1, Q2, Q3, Q4 and Q5, each defective in all ADH genes except the one indicated by the number, in bioreactors on glucose as sole carbon substrate. The strains were evaluated by independent duplicate experiments in terms of their quantitative growth characteristics and transcription levels of the ADH gene present. The W303-1A(a) parental strain grew rapidly on glucose with a maximum specific growth rate (l max ) of 0.44 h À1 . All of the glucose was rapidly utilised at a maximum volumetric rate of 2.32 g L À1 h À1 with the concomitant production of ethanol, glycerol and a small amount of acetic acid. The ethanol and acetic acid were consumed following the depletion of glucose, whereas glycerol was still detected after 39 h ( Fig. 2a and b , Table 3 ). During glucose uptake, high levels of ADH1 expression were detected, which agreed with the concept that Adh1 was primarily responsible for ethanol production ( Fig. 2c) (Heick et al., 1969; Ciriacy, 1979) . ADH2 transcription was markedly, but not completely, repressed by glucose (Fig. 2d) . ADH3 transcription appeared to be constitutive during both the glucose and ethanol utilisation phases (Fig. 2e) . ADH4 transcription was not detected in the presence of glucose (Fig. 2f) , and low levels of ADH5 mRNA appeared after the glucose concentration had decreased to 6.66 g L À1 (Fig. 2g) . At the onset of the ethanol assimilation phase of diauxic growth, ADH1 transcription decreased by c. 33-fold in terms of mRNA levels, after which the levels gradually increased during growth on ethanol (Fig. 2c) . By contrast, ADH2 mRNA levels increased c. 1 380-fold upon depletion of glucose, remaining high throughout the period of ethanol utilisation, but decreased as the ethanol concentration decreased (Fig. 2d) . The ADH3 transcription level remained high throughout the cultivation. Transcription of both ADH4 and ADH5 was detected while ethanol was present in the medium ( Fig. 2f and g ); the ADH5 transcription level gradually increased as the ethanol concentration decreased (Fig. 2g) . Strain Q1 grew on glucose at a l max of 0.45 h À1 , but glucose was assimilated at a maximum volumetric rate of 1.77 g L À1 h À1 , which was markedly slower than that obtained with parental strain W303-1A(a) ( Table 3) . Ethanol was also produced and assimilated at slower maximum specific rates of 1.366 and 0.117 g g À1 h À1 , respectively, compared to 1.757 and 0.172 g g À1 h
À1
found with strain W303-1A(a). Strain Q1 produced less glycerol, as shown by the glycerol yield coefficients in Table 3 , and glycerol was detected only after 7 h of cultivation (Fig. 3a) , whereas with strain W303-1A(a) glycerol was detected within 2 h after inoculation (Fig. 2a) . Other than the above differences, the growth parameters of strain Q1 largely resembled those of the parental strain W303-1A(a) ( Table 3 ). Similar to the parental strain, ADH1 transcription in strain Q1 was detected during the glucose consumption phase and was initially repressed only c. 20-fold by the produced ethanol, where after the levels gradually increased during the ethanol assimilation phase of diauxic growth (Fig. 3a) . The growth kinetics of strains Q2 and Q3 were similar, but differed vastly from strains Q1 and W303-1A(a). Strains Q2 (Fig. 3b) and Q3 (Fig. 3c) grew on glucose at l max values of 0.21 and 0.19 h À1 , respectively, and glucose was assimilated at very slow rates (Table 3) . These two strains were also characterised by the production of high concentrations of glycerol (3.19 and 3.01 g L À1 ,
respectively) and acetaldehyde (1.07 and 0.85 g L À1 , respectively). Their respective glycerol and acetaldehyde yield coefficients (Table 3) show that glycerol and acetaldehyde production from glucose exceeded ethanol production. Depletion of glucose was followed by an acetaldehyde assimilation phase with no significant change in the biomass concentration. From Fig. 3b -e, assimilation of acetaldehyde was evident because, despite its high volatility, the acetaldehyde concentration decreased more rapidly during growth than could be accounted for by the rate of evaporation alone. Strains Q2 and Q3 grew on the produced ethanol at l max values of 0.09 and 0.1 h À1 and assimilated this carbon substrate at specific rates of 0.106 and 0.104 g g À1 h
, respectively. As was the case with the parental strain, ADH2 transcription in strain Q2 was subject to a degree glucose repression, but depletion of glucose did not result in immediate derepression. A c. 380-fold increase in the mRNA level was detected following the depletion of glucose, which remained elevated during ethanol assimilation (Fig. 3b) . ADH3 expression in strain Q3 (Fig. 3c) resembled that of the parental strain where mRNA transcription appeared constitutive. Strains Q4 and Q5 were able to grow on glucose ( Fig. 3d and e) , but did so at much slower rates than strains W303-1A(a) and Q1 (Table 3) . Strains Q4 and Q5 produced even less ethanol from glucose and at lower specific rates of production than strains Q2 and Q3 (Table 3) . High levels of glycerol and acetaldehyde production were also characteristic of strains Q4 and Q5, and both were unable to utilise the produced ethanol as carbon source. ADH4 mRNA was detected in strain Q4 only during the first 5 h of cultivation, which could very well be remnants of expression in the inoculum culture. The presence of ADH5 mRNA in strain Q5 during the first 5 h of growth and its abrupt disappearance might be explained the same way. Transcription was apparent again after 33 h, but did not coincide with any ethanol assimilation (Fig. 3e ).
Bioreactor cultivation of strains W303-1A(a), Q1, Q2 and Q3 on ethanol
The growth kinetics and transcription profiles of the ADH genes of quadruple deletion strains Q1, Q2, Q3 and parental strain W303-1A(a) with ethanol as sole carbon substrate were compared. Strain W303-1A(a) grew on ethanol at a maximum specific growth rate of 0.2 h À1 , and ethanol was assimilated at a maximum volumetric rate (Q max s ) of 0.418 g L À1 h À1 (Fig. 4a) . ADH1 transcription levels increased c. 6.9-fold when the ethanol concentration had decreased to 4.3 g L À1 (Fig. 4b) . ADH2
( Fig. 4c) and ADH3 (Fig. 4d ) transcription remained at relatively constant levels until the ethanol concentration decreased to 1.88 g L À1 , at which point a c. 7-and 3-fold decrease was observed in the expression levels of these two genes, respectively. ADH4 was not expressed during growth on ethanol, and ADH5 transcription was detected 3 h after inoculation, and no transcription was evident until the ethanol concentration had decreased to below 3.2 g L À1 , whereafter the transcription level gradually increased until ethanol depletion (Fig. 4e) . Strain Q1 was able to grow on ethanol at a l max value of 0.2 h À1 , and ethanol was assimilated at a maximum volumetric rate of 0.385 g L À1 h À1 , which was marginally lower than that of the parental strain. The ADH1 transcription profile of Q1 followed a trend similar to that of the parental strain with a c. 3.3-fold increase in the mRNA level evident when the ethanol concentration had decreased to below 2.8 g L À1 (Fig. 5a ). The l max value of strain Q2 on ethanol was also 0.2 h À1 , and it assimilated the carbon source at a maximum volumetric rate of 0.397 g L À1 h À1 (Fig. 5b ). An ADH2 expression profile . §Glycerol yield coefficient (g glycerol produced/g glucose assimilated). ¶Acetaldehyde yield coefficient (g acetaldehyde produced/g glucose assimilated). **Maximum volumetric rate of glucose assimilation, calculated from the maximum slope of the glucose concentration curve. † †Maximum volumetric rate of ethanol production, calculated from the maximum slope of the ethanol concentration curve. ‡ ‡Maximum specific rate of ethanol production (g ethanol/g biomass h). § §Maximum specific rate of ethanol assimilation (g ethanol/g biomass h). the acetaldehyde concentration owing to evaporation, as determined in a control experiment. The deletion strains were engineered with irreversible defects in four ADH genes (as described in Fig. 1) , and the number in the strain name designation (e.g. Q1) represents the ADH gene still intact in the genome (e.g. ADH1). The genotypes are described in Table 1 Alcohol dehydrogenases of Saccharomyces cerevisiae comparable with that of the parental W303-1A(a) strain was observed, although a smaller decrease (2.3-fold) in expression was observed when ethanol reached a concentration of 2.4 g L À1 (Fig. 5b) . Strain Q3 grew on ethanol at a slightly lower l max value of 0.17 h À1 , and it assimilated the ethanol at a maximum volumetric rate of 0.28 g L À1 h À1 , which was considerably slower than the other three strains. A difference was also noted at the beginning of the cultivation, where very little ethanol (0.5 g L À1 ) was consumed during the first 15 h of growth and ADH3 mRNA was expressed at fairly constitutive levels (Fig. 5c ). Strains Q4 and Q5 were unable to grow on ethanol as sole carbon substrate.
Discussion
The aim of this study was the critical evaluation of the role of the alcohol dehydrogenase isozymes Adh1 to Adh5 in S. cerevisiae by analysing the growth parameters, physiological and transcriptional behaviour of quadruple deletion mutants, each harbouring only one genomic ADH gene, in aerobic bioreactor cultures with glucose or ethanol as respective carbon sources. The main focus was determining whether the enzymes were able to substitute functions in vivo. In contrast to previous studies (Wills & Phelps, 1975; Johansson & Sjostrom, 1984) , strains were engineered with irreversible defects in the five ADH genes in different combinations, thereby avoiding the problem of in vivo leakiness of undefined point mutations. Adh1 catalyses the reduction of acetaldehyde to ethanol and plays a key role in the carbohydrate metabolism of S. cerevisiae through the regeneration of NAD + from glycolytic NADH (Lutstorf & Megnet, 1968; Heick et al., 1969; Wills & Phelps, 1975; Ciriacy, 1979) . This investigation showed Adh1 to be the only enzyme capable of performing this task efficiently, as strain Q1 (with only ADH1 present in the genome) was the only quadruple deletion mutant comparable with the parental strain in respect of growth kinetics and expression profiles. Strain Q1 was still able to utilise ethanol during diauxic growth on glucose or when ethanol was added as the initial carbon source. As Adh1 should kinetically also be able to oxidise ethanol, but at a slower rate (Wills, 1976b; Wills et al., 1982) , the lower rate of ethanol assimilation compared to the parental W303-1A(a) strain could be attributed to the absence of Adh2 in strain Q1. Another noteworthy observation was that ADH1 was not constitutively expressed, but was subject to strong initial repression following glucose depletion during aerobic growth (Bennetzen & Hall, 1982a; Denis et al., 1983) , although complete repression by a nonfermentable substrate (ethanol) was not evident.
The in vivo significance of the reaction catalysed by Adh1 was underscored by the investigation of the various mutants deficient in ADH1. Such mutants grew slowly on glucose, and this carbon source was converted to glycerol, ethanol and acetaldehyde under aerobic conditions (Ciriacy, 1975a, b; Wills & Phelps, 1975; Wills et al., 1982; Johansson & Sjostrom, 1984; Cordier et al., 2007) . With ADH1 absent from the genome, the reduction of acetaldehyde to ethanol by another Adh isozyme would be a rate-limiting step in the metabolism. This was exemplified by strain Q2 grown on glucose, as indicated by the accumulation of acetaldehyde. Consequently, the rate of NADH re-oxidation via the acetaldehyde-ethanol pathway was apparently also rate limiting, hence the accumulation of glycerol to mop up the excess of reducing equivalents. This observation also suggested that NAD + regeneration via the mitochondrial electron transport chain could not keep pace with the rate of NADH production by glycolysis. These findings were in accordance with the notion that Adh2 was the main enzyme for ethanol metabolism, but not for glucose metabolism, owing to its much higher affinity (low K m ) for ethanol (Bakker et al., 2000) .
NADH is a highly connected metabolite, and the intracellular redox potential is primarily determined by the NADH/NAD ratio. Any change in the ratio leads to widespread changes in the metabolism (Nielsen, 2003) . When the rate of NADH formation surpasses its oxidation rate, Gpd1 and Gpd2 oxidise the cytosolic NADH with concomitant glycerol production Larsson et al., 1998; Bakker et al., 2001) , which explains the high concentrations of glycerol observed with some of these mutant strains.
The contribution of acetaldehyde to product inhibition in yeast fermentations is because of the fact that its diffusion from yeast cells is not instantaneous and that acetaldehyde accumulates intracellularly during the fermentation of glucose (Stanley & Pamment, 1993; Stanley et al., 1997) . Why then was the accumulating acetaldehyde not reduced to acetate? Several cytoplasmic and mitochondrial aldehyde dehydrogenases (Aldh) have been identified and characterised (Thielen & Ciriacy, 1991; Wang et al., 1998) , and the dismutation of acetaldehyde in S. cerevisiae was proposed to be mediated by mitochondrial Aldh2 (Thielen & Ciriacy, 1991) . Acetaldehyde causes inhibition effects on yeast growth at a concentration of 0.07 g L À1 , which could be attributed to inhibition effects on Aldh (Modig et al., 2002) . Ciriacy (1978) reported that several mitochondrial enzymes were repressed in adh1adh2adh3 mutants when grown aerobically on glucose; therefore, the slow growth rate exhibited by the quadruple deletion strains could, therefore, at least partially be ascribed to impaired mitochondrial function. Previous reports stated that ADH2 mRNA was not present during growth in a glucose-containing medium (Denis et al., 1981; Williamson et al., 1983) and that transcription was first detected approximately 1 h after release from glucose repression, followed by a several hundred-fold increase in the mRNA level (Denis et al., 1983; Dombek et al., 1993) . With the sensitive real-time RT-PCR method used in this study, ADH2 transcription was detected in the presence of glucose, albeit markedly repressed. In strain Q2, glucose repression was alleviated gradually over 12 h, instead of within 2 h as was found with the parental strain.
ADH3 is expressed at lower levels than ADH1 and ADH2 in S. cerevisiae cells (Ciriacy, 1975a; Young & Pilgrim, 1985; Williamson & Paquin, 1987) , and its gene product is involved in the shuttling of mitochondrial reducing equivalents to the cytosol, where the redox balance is restored by NADH dehydrogenases on the external side of the mitochondrial inner membrane (Bakker et al., 2000) . It was evident from the growth kinetics of strain Q3 that Adh3 seemed no more capable of reducing acetaldehyde to ethanol than Adh2, despite the fact that the ADH3 expression levels seemed fairly constitutive. Larsson et al. (1998) suggested that ethanol oxidation may also proceed via the mitochondrial Adh3. Under derepressed conditions, strain Q3 exhibited a capacity to grow on and assimilate ethanol at the same rate as strain Q2, indicating that the ADH3 gene product indeed fulfilled the same function as Adh2 in a deletion background. Our data, therefore, confirmed that ethanol oxidation proceeded via the mitochondrial Adh3 and that growth on glucose and ethanol production was possible in a yeast possessing only Adh3. This is the first account of ADH4 transcription occurring in a laboratory strain grown under standard growth conditions. ADH4 mRNA was detected in parental strain W303-1A(a) during the ethanol assimilation phase of diauxic growth, but expression might not be related to ethanol consumption. This notion is supported by the lack of ADH4 transcription when parental strain W303-1A(a) was grown on ethanol and strain Q4, with ADH4 as the only intact isozyme gene, was unable to grow on ethanol. Although Adh4 does not share sequence or structural similarity with the other four alcohol dehydrogenases (Paquin & Williamson, 1986) , it is activated by zinc ions and resembled Adh1 in terms of kinetic constants (Drewke & Ciriacy, 1988) . Although Paquin & Williamson (1986) demonstrated that over-expression of ADH4 allowed fermentative growth on glucose in a strain lacking a functional ADH1 gene, the data presented here showed that the structural ADH4 gene product, Adh4, was not responsible for the production of ethanol during growth on glucose. Drewke et al. (1990) showed that ethanol production by an adh1 to adh4 deletion mutant could not be attributed to any of the known Adh enzymes. At that time, however, the existence of ADH5 was unknown. The lack of significant ADH5 transcription during ethanol production resulting from the growth on glucose, as reported here, suggested that ADH5 was not transcribed at sufficiently high levels to implicate Adh5 as being responsible for ethanol production by strain Q5. Although ADH5 transcription was detected in parental strain W303-1A(a) during the ethanol consumption phase of diauxic growth, the transcription profile during growth on added ethanol and the inability of strain Q5 to grow on ethanol suggested that the ADH5 gene product did not participate significantly in the oxidation of ethanol to acetaldehyde.
In conclusion, this investigation using quadruple deletion mutants demonstrated that the Adh isozymes of S. cerevisiae were able to substitute functionally for one another and contributed new information regarding the relatively unexplored Adh4 and Adh5 isozymes. A strain expressing only ADH1 was able to utilise ethanol, a function previously attributed to Adh2. Furthermore, growth on glucose with concomitant ethanol production was possible in a yeast possessing only Adh3, thereby mimicking the function of Adh1. This mutant strain also exhibited a capacity to grow on and assimilate ethanol under derepressed conditions, indicating that the ADH3 gene product indeed fulfilled a similar function as Adh2 in a deletion background. Transcription profiles of ADH4 and ADH5 in strains grown under standard growth conditions showed that these gene products were not responsible for the production of ethanol during growth on glucose. Furthermore, the inability of these quadruple deletion strains to grow on ethanol confirmed that Adh4 and Adh5 were not responsible for the oxidation of ethanol to acetaldehyde.
